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Abstract
These lecture notes provide an introduction to the theoretical concepts of flavour
physics and CP violation, based on a series of lectures given at the ESHEP
2016 summer school. In the first lecture we review the basics of flavour and
CP violation in the Standard Model. The second lecture is dedicated to the
phenomenology of K and B meson decays, where we focus on a few repre-
sentative observables. In the third lecture we give an introduction to flavour
physics beyond the Standard Model, both within the framework of Minimal
Flavour Violation and beyond.
Introduction
Flavour physics and CP violation have played a central role in the development of the Standard Model
(SM). It was the underlying SU(3) flavour symmetry of mesons and baryons that lead Gell-Mann to the
introduction of up, down, and strange quarks as the fundamental constituents of hadronic matter [1]. The
charm quark was predicted prior to its discovery as an explanation for the smallness of the KL → µ+µ−
decay rate [2]. It was then realized that, in order to account for the observed CP violation in neutral
kaon mixing, a third generation of quarks was needed [3]. Furthermore, the heaviness of the top quark
was predicted from the size of CP violation in K0− K¯0 mixing and of the neutral B meson oscillations
prior to its discovery [4].
Subsequently, the role of flavour physics has shifted from the discovery of the building blocks
of the SM to the measurement of its parameters. The majority of the SM parameters is related to the
flavour sector and can thus be determined in flavour violating decays. With increasing experimental and
theoretical accuracy, their determination has by now reached an impressive precision.
Having at hand a good understanding of the SM flavour sector, the measurement of flavour and
CP -violating processes can be used to put constraints on models of New Physics (NP). Due to the
strong suppression of flavour violation in the SM, very high energy scales can be probed in this way,
well beyond the reach of direct searches for new particles in high energy collisions at the Large Hadron
Collider (LHC) (see [5] for a recent review). NP around the TeV scale is therefore required to have a
highly non-trivial flavour structure.
The present lecture notes provide a summary of a series of three lectures given at the European
School for High Energy Physics (ESHEP) 2016 in Skeikampen, Norway. The topic of these lectures is
restricted to quark flavour physics. Flavour in the charged lepton and neutrino sector has been covered
by Gabriela Barenboim [6]. In lecture 1 we introduce the quark Yukawa couplings and the Cabibbo-
Kobayashi-Maskawa (CKM) matrix as the basic ingredients of flavour and CP violation in the SM. We
then discuss the physics of flavour changing neutral currents and review their description in terms of an
effective Hamiltonian and the path from quark level flavour transitions to the decays of mesons. Lecture
2 is devoted to the phenomenology of flavour and CP -violating decays of kaons and B mesons. Rather
than providing an exhaustive overview, we focus on a number of particularly interesting benchmark
processes, like neutral meson mixings, rare K meson decays, and the recently observed anomalies in
B meson decays based on semileptonic b → s transitions. In lecture 3 we turn our attention to flavour
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physics beyond the SM. After reviewing the generic constraints on the scale of NP from flavour and
CP -violating decays, we discuss two well-known suppression mechanisms for the size of new flavour
violating interactions. We motivate the concept of Minimal Flavour Violation (MFV) from the flavour
symmetries of the SM. As an alternative to MFV, we also discuss how models with partially composite
fermions can explain the observed flavour hierarchies in the SM, and at the same time suppress flavour
changing neutral currents to an acceptable level.
A large number of excellent lecture notes on the physics of flavour and CP violation can be found
on the arXiv. As a few representative examples, let me recommend especially the lectures by Gino
Isidori [7], Yuval Grossmann [8], and Andrzej j. Buras [9]. An extensive pedagogical introduction into
the technicalities of the theory of flavour physics can be found in [10].
1 Flavour Physics in the Standard Model
1.1 Quark Yukawa Couplings and the CKMMatrix
In nature, all fundamental matter fields – quarks, charged leptons, and neutrinos – come in three copies,
the so-called flavours. They can be collected in three fermion generations, with increasing masses, but
otherwise identical quantum numbers. The subject of flavour physics is the description of interactions
between the various flavours, with the goal to unravel the underlying dynamics of flavour symmetry
breaking.
In the SM, the left-handed quarks are arranged in doublets of the SU(2)L weak interactions:
Qj =
(
uL
dL
)
,
(
cL
sL
)
,
(
tL
bL
)
, (1)
while the right-handed quarks are introduced as SU(2)L singlets:
Uj = uR, cR, tR Dj = dR, sR, bR . (2)
The quarks’ couplings to the gluons, weak gauge bosons W± and Z, and the photon are described by
the kinetic term in the Lagrangian
Lfermion =
3∑
j=1
Q¯ji /DQQj + U¯ji /DUUj + D¯J i /DDDj , (3)
with the covariant derivatives
DQ,µ = ∂µ + igsT
aGaµ + igτ
aW aµ + ig
′QYQBµ , (4)
DU,µ = ∂µ + igsT
aGaµ + ig
′QYUBµ , (5)
DD,µ = ∂µ + igsT
aGaµ + ig
′QYDBµ , (6)
and the hypercharges assigned as QYQ = 1/6, Q
Y
U = 2/3, Q
Y
D = −1/3. T a(a = 1, . . . , 8) and τa(a =
1, 2, 3) are the generators of SU(3)c and SU(2)L, respectively, and the index j runs over the three
generations of quark fields. It is evident that the gauge couplings are universal for all three generations.
Flavour non-universality, on the other hand, is introduced by the quark Yukawa couplings to the
Higgs field, responsible for the generation of non-zero quark masses:
LYuk =
3∑
i,j=1
(−YU,ijQ¯LiH˜URj − YD,ijQ¯LiHDRj + h.c.) , (7)
where h.c. abbreviates the hermitian conjugate term. The subscripts i, j are generation indices, and
the dual field H˜ is given as H˜ = H∗ = (H0∗,−H−)T . Replacing the Higgs field H by its vacuum
2
expectation value 〈H〉 = (0, v)T , we obtain the quark mass terms
3∑
i,j=1
(−mU,ij u¯LiuRj −mD,ij d¯LidRj + h.c.) , (8)
with the quark mass matrices given by mU,D = vYU,D.
The quark mass matrices mU amd mD are 3× 3 complex matrices in flavour space with a priori
arbitrary entries. They can be diagonalized by making appropriate bi-unitary field redefinitions:
uL = UˆLu
m
L , uR = UˆRu
m
R , dL = DˆLd
m
L , dR = DˆRd
m
R , (9)
with the superscript m denoting quarks in their mass eigenstate basis.
Is the SM Lagrangian invariant under these transformations? Unitary transformations of the right-
handed quark sector are indeed unphysical, as they drop out from the rest of the Lagrangian. However,
uLi and dLi form the SU(2)L doublets Qi (with i = 1, 2, 3). Their kinetic term gives rise to the interac-
tion
g√
2
u¯LiγµW
µ+dLi . (10)
Transformation of (10) to the mass eigenstate basis yields
g√
2
u¯LiUˆ
†
L,ijDˆL,jkγµW
µ+dLk . (11)
We conclude that the combination
VˆCKM = Uˆ
†
LDˆL (12)
is physical, it is called the CKM matrix [3, 11]. It describes the misalignment between left-handed up-
and down-type quark mass eigenstates, which leads to flavour violating charged current interactions,
mediated by the W± bosons. It is convenient to label the elements of VˆCKM by the quark flavours
involved in the respective charged current interaction:
VˆCKM =
Vud Vus VubVcd Vcs Vcb
Vtd Vts Vtb
 . (13)
For example, the element Vub appears in the coupling of a bottom and an up quark to the W boson.
1.2 Standard Parametrization of the CKMMatrix
Let us now determine the number of physical parameters in the CKM matrix. Being a unitary 3 × 3
matrix, it can be parametrized by three mixing angles and six complex phases in general. However, five
of these phases are unphysical, as they can be absorbed as unobservable parameters into the up-type and
down-type quarks, respectively. Note that an overall phase rotation of all quarks does not affect the CKM
matrix. We are then left with three mixing angles θ12, θ23, θ13 and one complex phase δ as the physical
parameters of the CKM matrix. Introducing the short-hand notation sij = sin θij and cij = cos θij , the
standard parametrization of the CKM matrix reads [12]
VˆCKM =
 c12c13 s12c13 s13e−iδ−s12c23 − c12s23s13eiδ c12c23 − s12s23s13eiδ s23c13
s12s23 − c12c23s13eiδ −c12s23 − s12c23s13eiδ c23c13
 . (14)
Note that this parametrization is recommended by the Particle Data Group (PDG) [13].
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Alternatively, the number of independent flavour parameters in the SM can also be determined
from symmetry principles. Ignoring the Yukawa couplings, the SM quark sector has a global
Gflavour = U(3)Q × U(3)U × U(3)D (15)
flavour symmetry. The quark Yukawa couplings YU , YD explicitly break Gflavour, leaving only a single
U(1) factor unbroken, that corresponds to the overall phase of the quark fields. This U(1) symmetry is
associated to baryon number conservation, which is an accidental symmetry of the SM. We can use this
symmetry breaking pattern to count the number of flavour parameters.
We start from the Yukawa couplings YU and YD. A priori, these are arbitrary complex 3 × 3 ma-
trices, hence they bring in nine real parameters and nine complex phases each. However, not all of these
18 + 18 parameters are physical. In fact, each of the broken generators of the flavour symmetry group
Gflavour corresponds to an unphysical parameter in the Lagrangian which can be removed by making
appropriate field redefinitions. A 3 × 3 unitary matrix contains three real parameters and six complex
phases. The three U(3) factors in Gflavour therefore carry nine real parameters and 18 phases. All but
one of them, namely the phase corresponding to the unbroken overall U(1), correspond to unphysical
parameters that can be removed from YU and YD. We are then left with a total of nine real parameters in
the quark flavour sector and one physical complex phase. The nine real parameters are the quark masses
mu,md,mc,ms,mt,mb and the three mixing angles θ12, θ13, θ23 of the CKM matrix, and the phase is
simply the CKM phase δ.
Experimentally, it has been found that the CKM matrix exhibits a rather strong hierarchy, with [13]
s12 ∼ 0.2 , s23 ∼ 0.04 , s13 ∼ 4 · 10−3 . (16)
The CKM matrix hence is close to the unit matrix, with hierarchical off-diagonal elements. Flavour
changing transitions are therefore strongly suppressed in the SM. Similarly, also the quark masses are
found to follow a hierarchical pattern, spanning five orders of magnitude in size. The lack of a more
fundamental theory explaining the origin of this structure is referred to as the flavour hierarchy problem
of the SM.
1.3 CP violation in the SM
We have seen above that the angles θij of the CKM matrix parametrize the amount of flavour mixing
between the quarks of the generations i and j. The amount of flavour violation in the SM is therefore
quantified by the values of the CKM mixing angles. But what is the physical meaning of the presence of
a complex phase δ?
In order to understand this, let us consider two discrete transformations:
– the parity transformation
P : ψ(r, t)→ γ0ψ(−r, t) (17)
which transforms left-handed fermion fields into right-handed ones and vice versa, and
– the charge conjugation
C : ψ → i(ψ¯γ0γ2)T (18)
which transforms left(right)-handed quarks into left(right)-handed antiquarks.
It is evident from equations (3)–(6) that the weak interactions violate both C and P , as they treat left-
and right-handed quarks differently.
But what about the combination of both transformations, CP ? A CP transformation connects
left-handed quarks to right-handed antiquarks. It is easy to convince oneself that the neutral current
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interactions mediated by gluons, the photon and the Z boson are indeed invariant under CP . Let us then
look at the charged current interactions mediated by the W± bosons:
Lc.c. = g√
2
Viku¯LiγµW
µ+dLk + h.c.
=
g√
2
Viku¯LiγµW
µ+dLk +
g√
2
V ∗ikd¯LkγµW
µ−uLi
CP−−→ g√
2
Vikd¯LkγµW
µ−uLi +
g√
2
V ∗iku¯LiγµW
µ+dLk
=
g√
2
V ∗iku¯LiγµW
µ+dLk + h.c. (19)
We see that CP conjugation replaces the CKM element Vik by its complex conjugate. Hence, the CP
symmetry is violated in the SM by the presence of a non-vanishing complex phase δ 6= 0 in the CKM
matrix.
It is important to note, however, that the phase δ is not a physical parameter, as, by means of the
aforementioned rephasing of quark fields, it can be shifted to different elements of the CKM matrix.
A parametrization-independent and therefore physical measure of CP violation is instead given by the
Jarlskog invariant [14, 15]
JCP = Im(VusVcbV ∗ubV
∗
cs) . (20)
Experimentally, the Jarlskog invariant is found to be JCP ' 3 · 10−5.
1.4 Flavour Changing Neutral Currents
We have seen above that flavour changing charged currents are present at the tree level in the SM, with
the size of the interactions governed by the off-diagonal elements of the CKM matrix. Flavour changing
neutral currents (FCNCs), on the other hand, are absent at the tree level in the SM. In order to see this,
let us have a closer look at the Z boson coupling to left-handed down-type quarks, as an illustrative
example. Transforming the coupling of the quark flavour eigenstates dLj into a coupling of the quark
mass eigenstates dmLi, we find
Ln.c 3 gZ(dL) d¯LjγµZµdLj
= gZ(dL) d¯
m
Li(Dˆ
†
L)ijγµZ
µ(DˆL)jkd
m
Lk
= gZ(dL) d¯
m
LiγµZ
µδikd
m
Lk , (21)
where
gZ(dL) =
g
cos θW
(
−1
2
+
1
3
sin2 θW
)
(22)
is the Z boson coupling to left-handed down-type quarks. We can see that due to the unitarity of the
flavour rotation matrix DˆL, the coupling remains flavour diagonal and flavour universal. The same
argument holds for all neutral gauge boson couplings in the SM.
FCNCs are however generated in the SM by loop diagrams with internal W± bosons. As an
example, figure 1 shows the one loop diagram that generates the leading contribution to neutral Bs
meson mixing. The mixing amplitude generated by this contribution is schematically given by
M∝
∑
i,j=u,c,t
V ∗isVibV
∗
jsVjbF (xi, xj) . (23)
Here, F (xi, xj) is the relevant one loop function, with xi = (mi/MW )2, and the double sum runs over
the internal quark flavours. Using the CKM unitarity∑
i=u,c,t
V ∗isVib = 0 , (24)
5
Fig. 1: One loop diagram for Bs − B¯s mixing in the SM.
setting mu = 0 and neglecting contributions proportional to V ∗csVcb  V ∗tsVtb, this can be simplified to
M∝ (V ∗tsVtb)2S0(xt) , (25)
with
S0(xt) = F (xt, xt)− 2F (0, xt) + F (0, 0) . (26)
We can see that, indeed, FCNCs are generated by loop processes in the SM. However they are sup-
pressed not only by the smallness of the off-diagonal CKM elements, but also by the so-called GIM
mechanism [2]: All contributions that are independent of the masses of the quarks running in the loop
are cancelled by the unitarity of the CKM matrix, and only the differences of mass-dependent terms
survive. While above we have seen the GIM mechanism at work for one loop contributions, it in fact
holds to all orders.
1.5 The Unitarity Triangle
The hierarchical structure of the CKM matrix can be used to derive an alternative parametrization, which
turns out to be very useful for estimating the size of flavour violating transitions. In the Wolfenstein
parametrization [16]
VˆCKM =
 1− λ
2
2 λ Aλ
3(ρ− iη)
−λ 1− λ22 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
+O(λ4) , (27)
λ = |Vus| ∼ 0.2 is the only small parameter, while A, ρ, and η are O(1). It is therefore convenient to
estimate the size of flavour violating decays by making an expansion in powers of λ. The accuracy of this
expansion can be improved by changing the parameters of the Wolfenstein parametrization to [17, 18]
λ , A , ρ¯ =
(
1− λ
2
2
)
ρ , η¯ =
(
1− λ
2
2
)
η . (28)
As discussed before, the CKM matrix is a unitary matrix, and not all of its elements are indepen-
dent parameters. Various relations hold among them, which can be tested experimentally. One of the
most popular ones,
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0 , (29)
can be displayed as a triangle in the complex plane, the so-called unitarity triangle (UT) [19]. With the
base of the UT normalized to unity, the apex is simply given by (ρ¯, η¯). The sides Rb and Rt, as shown in
figure 2, are given by
Rb =
∣∣∣∣VudV ∗ubVcdV ∗cb
∣∣∣∣ = (1− λ22
)
1
λ
|Vub|
|Vcb| , (30)
6
Fig. 2: Unitarity triangle.
Rt =
∣∣∣∣VtdV ∗tbVcdV ∗cb
∣∣∣∣ = 1λ |Vtd||Vcb| . (31)
For the UT angles, two notations are commonly used in the literature. They are related to each
other as follows:
α ≡ φ2 , β ≡ φ1 , γ ≡ φ3 . (32)
The UT can be determined experimentally from various measurements of flavour violating decays
of K and B mesons. A special role in this determination is played by the length of the side Rb and the
angle γ: Being sensitive to the absolute values and CP -violating phases of the elements Vub and Vcb,
they can be determined from B decays governed by tree level charged current interactions. It is there-
fore a good approximation to assume that NP contributions to these measurements are negligible. The
measurement of |Vub|, |Vcb| and γ = arg(−VudV ∗ub/VcdV ∗cb) then leaves us with the reference unitarity
triangle [20], which determines the CKM matrix independently of potential NP contributions to rare
flavour violating decays.
The length of the side Rt and the angle β, on the other hand, depend on CKM elements involving
the top quark. Hence, they can only be measured in loop-induced flavour changing neutral current
(FCNC) processes. Due to their strong suppression in the SM, these observables are sensitive to NP
contributions. A model-independent determination of the CKM matrix using these quantities is therefore
not possible. NP contributions to the loop induced processes used in the determination of the UT
The strategy to hunt for NP contributions to flavour violating observables is then as follows. First,
the CKM matrix and the UT have to be determined from tree level charged current decays as accurately
as possible. As this determination is independent of potential NP contributions, the result can be used
as input for precise SM predictions of rare, loop-induced FCNC processes. These predictions are then
to be compared with the data, which – in case of a discrepancy – would yield an unambiguous sign of a
NP contribution to the decay in question. Clearly, in order to be able to claim a NP discovery in flavour
violating observables, a solid understanding of the SM contribution and its uncertainties is mandatory.
1.6 The effective Hamiltonian
An important theoretical complication arises in the study of quark flavour violating decays. Due to the
confinement of QCD at low energies, quarks do not appear as free particles in nature, but are bound
in hadrons. Therefore, not only the weak interactions leading to flavour violation, as discussed above,
have to be well understood, but also the strong dynamics describing the bound states of QCD. The latter
interactions, taking place at the typical hadronic energy scales of a few hundred MeV to a few GeV, are
non-perturbative and hence, with our current methods, cannot be calculated analytically.
A convenient theoretical tool to handle these various contributions from processes ar different
energy scales is provided by the operator product expansion [21]. In this framework, effective flavour
violating operators are obtained from integrating out the heavy electroweak (EW) gauge bosonsW± and
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Z and the top quark at the EW scale, and then connecting these operators with the low energy QCD
interactions responsible for hadronic interactions. The latter are comprised in matrix elements of the
effective operators, involving the initial and final state mesons of the decay in question. These matrix
elements, being governed by non-perturbative interactions, cannot be calculated analytically, but have to
evaluated using non-perturbative methods like lattice QCD or QCD sum rules (see e. g. [22] and [23] for
pedagogical introductions) , unless it is possible to extract them from the data.
To summarize, in order to arrive at a theoretical description of flavour violating meson decays, the
following five steps have to be taken:
1. Calculation of the weak interaction process governing the underlying flavour violating quark decay.
2. Construction of the low energy effective Hamiltonian by integrating out the heavy degrees of
freedom (i. e. W±, Z, t).
3. Renormalization group running from the scale µ ∼MW of weak interactions to the hadronic scale
µ ∼ GeV.
4. Collection of non-perturbative effects in QCD matrix elements involving initial and final state
mesons.
5. Evaluation of matrix elements using non-perturbative methods (lattice QCD, QCD sum rules etc.)
or extraction from data.
To better understand how this is done in practice, let us have a look at two simple examples. First
we consider the semileptonic charged current decay B → pi`ν from which the CKM element |Vub| can
be obtained. Then we sketch the SM prediction for neutral Bs meson mixing.
Semileptonic charged currents: B → pi`ν
Fig. 3: Tree level diagram mediating the b→ u`ν decay.
The element |Vub| can be determined from the semileptonic charged current transition b → u`ν,
occurring at the tree level in the SM. Evaluating the relevant Feynman diagram shown in figure 3, we
find
M = g√
2
Vub(u¯γ
µPLb)
gµν
p2 −M2W
g√
2
(¯`γνPLν) . (33)
Neglecting the momentum transfer p2  M2W in the W propagator, and using the short hand notation
2(f¯γµPLf
′) = (f¯f ′)V−A,M simplifies to
M = − g
2
2M2W
Vub(u¯b)V−A(¯`ν)V−A . (34)
Introducing the well-known Fermi constant
GF√
2
=
g2
8M2W
, (35)
we obtain the tree level effective Hamiltonian
Heff = 4GF√
2
Vub(u¯b)V−A(¯`ν)V−A + h.c. . (36)
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In order to obtain an accurate expression for the B → pi`ν decay, the known QCD corrections
have to be taken into account, including the renormalization group running from the weak scale, where
the W boson is integrated out, to the B meson scale. The non-perturbative QCD effects describing the
B → pi transition generated by the effective HamiltonianHeff are collected in the matrix element
〈pi|(b¯u)V−A|B〉 , (37)
which has been calculated by lattice QCD.
From the measurement of the B0 → pi−`+ν branching ratio, one can then extract the value [24]
(see also [25, 26])
|Vub| = (3.72± 0.16) · 10−3 . (38)
Note again that as the B0 → pi−`+ν is generated at the tree level in the SM, NP contributions are
expected to be negligible. Therefore the determination of |Vub| in (38) holds model-independently. In a
similar way, also |Vus|, |Vcb| and the UT angle γ can be determined from tree level decays, independently
of NP in flavour violating decays.
Bs − B¯s mixing
As discussed in section 1.4, neutral Bs meson mixing in the SM is driven by the one loop box diagram
in figure 1. We have seen that due to the GIM mechanism and the hierarchical structure of the CKM
matrix, only the mass-dependent part of the top quark contribution is relevant. Including a factor ηB =
0.55±0.01 [27,28] that comprises perturbative QCD corrections and the renormalization group evolution
down to the B meson scale, the effective Hamiltonian can be written as
Heff = G
2
F
16pi2
M2W ηB(V
∗
tbVts)
2S0(xt)(b¯s)V−A(b¯s)V−A + h.c. , (39)
with the one loop function S0(xt) given by
S0(xt) =
4xt − 11x2t + x3t
4(1− xt)2 −
3x3t lnxt
2(1− xt)3 . (40)
SandwichingHeff between the initial and final state mesons, we obtain the mixing matrix element
M12 =
1
2mBs
〈
B¯s |Heff|Bs
〉∗
. (41)
Again, the hadronic matrix element
〈
B¯s
∣∣(b¯s)V−A(b¯s)V−A∣∣Bs〉 comprises the low-energy QCD dynam-
ics of the mesonic process. It has been calculated by lattice QCD with an impressive precision.
Using the CKM matrix determined from tree level decays, the SM predictions for Bs− B¯s mixing
observables, like the mass difference ∆Ms and the CP -violating phase φs can then be compared with
the data. This comparison yields a good agreement of the measured values with their SM predictions,
leaving only little room for NP contributions. In lecture 3 we will have a closer look at the constraints on
NP models from flavour violating observables.
2 Phenomenology ofK andB Meson Decays
2.1 Theory of Neutral Kaon Mixing
In the first lecture, we have briefly sketched the theoretical description of Bs − B¯s mixing in the SM,
paying particular attention to specific details like the GIM mechanism and the construction of the effec-
tive Hamiltonian. In this section, we aim at a more thorough derivation of neutral meson mixing. While
we focus on the case of kaon mixing in what follows, a generalization to neutral B and D mesons is
straightforward.
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Two neutral pseudoscalar K mesons exist, the |K0〉 = |ds¯〉 and the |K¯0〉 = |sd¯〉. They are each
other’s antiparticles and transform under CP as
CP |K0〉 = −|K¯0〉 , CP |K¯0〉 = −|K0〉 . (42)
As we can deduce from section 1.4, K0 and K¯0 can mix by one loop box diagrams in the SM.
The time evolution of the K0 − K¯0 system is therefore described by the two-component Schrödinger
equation
i
dψ(t)
dt
= Hˆψ(t) , ψ(t) =
(
K0(t)
K¯0(t)
)
(43)
with the 2× 2 Hamiltonian
Hˆ = Mˆ − i Γˆ
2
=
(
M11 M12
M21 M22
)
− i
2
(
Γ11 Γ12
Γ21 Γ22
)
. (44)
Here, Mˆ is the dispersive part of the Hamiltonian, and Γˆ is the absorptive part. Since both Mˆ and Γˆ are
hermitian, we have
M21 = M
∗
12 , Γ21 = Γ
∗
12 . (45)
In addition, CPT invariance implies
M11 = M22 ≡M , Γ11 = Γ22 ≡ Γ , (46)
so that the Hamiltonian simplifies to
Hˆ =
(
M − i2Γ M12 − i2Γ12
M∗12 − i2Γ∗12 M − i2Γ
)
(47)
Diagonalizing Hˆ , we obtain the mass eigenstates
KL,S =
(1 + ε¯)K0 ± (1− ε¯)K¯0√
2(1 + |ε¯|2) , (48)
where L and S stand for ‘long’ and ‘short’, respectively, and refer to the different lifetimes of the two
states. The parameter ε¯ is defined through
1− ε¯
1 + ε
=
√
M∗12 − i2Γ∗12
M12 − i2Γ12
=
∆M − i2∆Γ
2M12 − iΓ12 . (49)
Experimentally ε¯ is found to be of the orderO(10−3). Therefore the mass difference ∆M and the
width difference ∆Γ are well approximated by the simple expressions
∆M = ML −MS = 2 ReM12 , ∆Γ = ΓL − ΓS = 2 ReΓ12 . (50)
2.2 CP Violation in the Neutral Kaon Sector
As we have seen before,K0 and K¯0 transform into each other underCP conjugation. The CP eigenstates
are therefore given by
K1 =
1√
2
(K0 − K¯0) , K2 = 1√
2
(K0 + K¯0) . (51)
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K1 is even under CP conjugation, while K2 is CP -odd. Comparing the CP eigenstates in (51) to the
mass eigenstates in (48), it becomes clear that the mass eigenstates KL,S are not pure CP eigenstates.
Instead they contain a small admixture of the state with opposite CP parity:
KS =
K1 + ε¯K2√
1 + |ε¯|2 , KL =
K2 + ε¯K1√
1 + |ε¯|2 . (52)
This mixture of states with opposite CP parities implies that the CP symmetry is violated in neutral
kaon mixing.
The two mass eigenstates, KL and KS are found experimentally to have very different life-
times [13]:
τ(KS) ∼ 90 ps , τ(KL) ∼ 5 · 103 ps . (53)
The explanation can be found in the CP properties of the two states: KS is basically the CP -even state
K1, with a smallCP -odd admixture. KL, on the other hand, is approximately theCP -odd stateK2, with
a small CP -even admixture. Now if CP is conserved in the decay of neutral kaons, then the CP -even
stateK1 will decay into two pions, forming a CP -even final state. K2, however, has to decay into a CP -
odd final state, which contains three pions. As the three pion final state is phase space suppressed with
respect to the two pion final state, the K1 decay rate is much faster, so that its lifetime is much shorter
than the one of K2. The observed lifetime difference suggests that indeed CP is, at least approximately,
conserved and ε¯ is small.
In 1964, the decay KL → pi+pi− has been observed [29], yielding the first experimental confirma-
tion that CP symmetry is violated. In 1980, the Nobel Prize has been awarded to Cronin and Fitch for
this discovery.
The mere discovery of the KL → pi+pi− decay however does not tell us where the observed CP
violation originates from. CP can either be violated in the neutral kaon mixing, if the mass eigenstates
KL,S are not CP eigenstates. Or CP can be violated in the decay – in that case the CP -odd state K2 can
decay into a CP -even two pion final state. Last but not least, in general, CP can also be violated in the
interference of mixing and decay amplitudes.
How can we distinguish whether CP is violated in the mixing (also called indirect CP violation)
or in the decay process (direct CP violation)? The key idea is that the amount of direct CP violation
depends on the decay channel, but indirect CP violation does not.
Hence, to disentangle the two types ofCP violation, we study the following set ofK → pipi decay
modes:
KL → pi0pi0 , KL → pi+pi− , (54)
KS → pi0pi0 , KS → pi+pi− . (55)
As the charged and neutral pions form an isospin triplet, the two pion final state can have either isospin
I = 0 or I = 2. The decay amplitudes into charged and neutral pions can therefore be writen as
A(K0 → pi+pi−) =
√
2
3
A0e
iδ0 +
√
1
3
A2e
iδ2 , (56)
A(K0 → pi0pi0) =
√
2
3
A0e
iδ0 − 2
√
1
3
A2e
iδ2 . (57)
Here, A0 and A2 parametrize the decay amplitudes in the I = 0 and I = 2 final states, respectively. The
‘strong phases’ δ0 and δ2 do not change sign under CP conjugation.
Defining then the ratios
η00 =
A(KL → pi0pi0)
A(KS → pi0pi0) , η+− =
A(KL → pi+pi−)
A(KS → pi+pi−) , (58)
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it is possible to disentangle CP violation in neutral kaon mixing, parametrized by ε, from direct CP
violation in the K → pipi decays, parametrized by ε′. One can show that
ε ' 1
3
(η00 + 2η+−) , Re
(
ε′
ε
)
' 1
6
(
1−
∣∣∣∣η+−η00
∣∣∣∣2
)
. (59)
2.3 Status of ε and ε′
Both |ε| and Re(ε′/ε) have been measured with high precision, with the results [13]
|ε| = (2.228± 0.011) · 10−3 , (60)
Re(ε′/ε) = (16.6± 2.3) · 10−4 . (61)
In the SM, CP violation in the kaon sector is strongly suppressed. As the presence of three quark
generations is needed for CP violation, both ε and ε′ are generated by top quark contributions. The
effect is therefore proportional to the combination of CKM elements
Im(V ∗tsVtd) ' O(10−4) . (62)
CP violation in the kaon sector is thus strongly suppressed in the SM. In the presence of NP, however,
this strong CKM suppression can be absent, depending on the flavour structure of the model. CP -
violating observables in the kaon sector therefore have an outstanding sensitivity to NP contributions.
For the parameter ε a simple yet precise formula can be derived:
ε =
κεe
iϕε
√
2∆MK
ImM12 . (63)
Here, the mass splitting ∆MK = (0.5292± 0.0009) · 10−2 ps−1 and the phase ϕε = 43.51◦ have been
measured precisely [13]. The parameter κε comprises corrections from long-distance dynamics, and has
been estimated to be κε = 0.94± 0.02 [30, 31].
The off-diagonal element M12 of the mixing amplitude is, as discussed above, generated by box
diagrams in the SM. While its real part receives sizeable long-distance contributions, the CP -violating
imaginary part is driven by short distance dynamics and therefore under good theoretical control. In-
cluding the known higher oder perturbative corrections and the non-perturbative parameter BˆK obtained
from lattice QCD calculations, one finds [32]
|ε|SM = (1.90± 0.26) · 10−3 , (64)
which is a bit lower albeit still consistent with the data.
Due to its strong suppression in the SM, ε is very sensitive to potential NP contributions. The
good agreement of the measured value with its SM prediction therefore results in strong constraints on
the NP entering K0 − K¯0 mixing. We will return to this topic in more detail in the third lecture.
The ratio ε′/ε has recently received a lot of attention. While its measured value in (61) has been
available since the late 1990s, until recently no reliable SM prediction was available. The situation
changed when the first lattice QCD calculations of the relevant K → pipi hadronic matrix elements
became available. The result reads [33]
B
(1/2)
6 = 0.57± 0.19 , B(3/2)8 = 0.76± 0.05 . (65)
While this result, in particular the one for B(1/2)6 , still carries sizeable uncertainties, it is interesting to
note its consistency with the bound
B
(1/2)
6 < B
(3/2)
8 < 1 , (66)
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that has recently been derived using large Nc counting and the dual QCD approach [34, 35].
The result for the hadronic matrix elements in (65) can then be plugged into the simple phe-
nomenological expression for ε′/ε in the SM [36, 37]:
Re(ε′/ε)SM =
Im(V ∗tsVtd)
1.4 · 10−4 · 10
−4 ·
(
−3.6 + 21.4B(1/2)6 + 1.2− 10.4B(3/2)8
)
, (67)
which has been derived using the calculation of perturbative QCD contributions at next-to-leading order
(NLO).
The first two terms in the brackets of (67) stem from the I = 0 amplitude which is dominantly
generated by QCD penguin contributions. The last two terms, on the other hand, originate in the I = 2
amplitude, caused mainly by EW penguin contributions. The numerical values of these contributions,
together with the result for the hadronic matrix elements, leads to a large cancellation between the I = 0
and I = 2 contributions to Re(ε′/ε)SM. Due to this cancellation, a precise knowledge of the hadronic
matrix elements B(1/2)6 and B
(3/2)
8 is of utmost importance for an accurate prediction of Re(ε
′/ε) in the
SM. Using the result in (65), one finds [37]
Re(ε′/ε)SM = (1.4± 4.6) · 10−4 . (68)
This prediction is significantly lower than the measured value in (61), revealing a 2.9σ tension. A
consistent result has been obtained in [38]. It is interesting to note that the central value in (68) is much
lower than the long-standing result in [39], although consistent due to the large uncertainties in the latter
analysis. We are looking forward to future improved lattice QCD calculations by several groups which
will clarify the present situation and hopefully strengthen the indicated hint for NP.
Having at hand only a single lattice result for the hadronic matrix elements in question, it would
clearly be premature to claim the presence of NP in ε′/ε. The observed tension, however, is intriguing.
Due to its strong suppression in the SM, the ratio ε′/ε is extremely sensitive to NP contributions. It
is therefore conceivable that NP would first be observed in this observable, even if other flavour data
measured so far show little or no discrepancy with their SM predictions.
Following the recent progress on the theoretical understanding of ε′/ε, this observable has been
revisited in the context of various NP models [40–47]. It turns out that several extensions of the SM can
significantly enhance ε′/ε and thereby reconcile the theory prediction with the data. In addition, many NP
scenarios predict simultaneous large deviations from the SM prediction of the rare decay KL → pi0νν¯,
with the sign of the latter effect depending on the structure of the model.
2.4 RareK Decays
Rare and CP -violating kaon decays, like the aforementioned decay KL → pi0νν¯, offer a unique op-
portunity to look for NP. These decays, mediated by s → d FCNC transitions at the quark level, are
strongly suppressed in the SM by the hierarchical structure of the CKM matrix and the GIM mechanism.
Consequently, large NP effects are possible even if the NP mass scale is much beyond the TeV scale. Of
particular interest are the decay modes K+ → pi+νν¯ and KL → pi0νν¯, as they are not only strongly
suppressed in the SM but also theoretically extremely clean. Therefore, an outstanding NP sensitivity is
provided by these decays. In fact, it has been shown within a simplified model analysis that a flavour
violating Z ′ gauge boson can lead to large effects in the K → piνν¯ decays even if its mass is in the
103 TeV range [48].
In the SM, the K → piνν¯ decays are governed by Z-penguin and box diagrams like the ones
shown in figure 4. The effective Hamiltonian reads [49]
Heff = GF√
2
α
2pi sin2 θW
∑
`=e,µ,τ
(
V ∗csVcdX
`
NNL(xc) + V
∗
tsVtdX(xt)
)
(s¯d)V−A(ν¯`ν`)V−A . (69)
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Fig. 4: Z-penguin diagram contributing to K → piνν¯ in the SM.
The first term in the brackets corresponds to the charm quark contribution which is known to NNLO
in QCD [50, 51] and NLO in the EW theory [52]. It is relevant only for the CP -conserving decay
K+ → pi+νν¯. The second term stems from the top quark contribution which affects both the CP -
conserving mode K+ → pi+νν¯ and the CP -violating mode KL → pi0νν¯.
The relevant 〈pi|(s¯d)V−A|K〉 matrix elements can be extracted from the data on K+ → pi0e+ν
with high precision, making use of isospin symmetry. The main uncertainties is the SM prediction for
the K → piνν¯ branching ratios therefore stem from the determination of the relevant CKM elements.
Of particular importance is the value of |Vcb| and, for KL → pi0νν¯, the UT angle γ. The current SM
prediction for the two branching ratios is [53]
B(K+ → pi+νν¯) = (8.4± 1.0) · 10−11 , (70)
B(KL → pi0νν¯) = (3.4± 0.6) · 10−11 . (71)
A big experimental effort to measure these decays is currently underway at the NA62 experiment [54] at
CERN and the KOTO experiment [55] at J-PARC in Japan.
NP contributions to Heff in (69) can be parametrized model-independently by replacing the SM
top-loop funcion X(xt) by a general complex function [56]
X ≡ |X|eiθX . (72)
NP in the K → piνν¯ system can therefore be described by two independent parameters |X| and θX .
Measuring both B(K+ → pi+νν¯) and B(KL → pi0νν¯) determines both parameters, and observing
|X| 6= X(xt) and/or θX 6= 0 (73)
would be an unambiguous sign of NP.
Determining both |X| and θX not only provides a clean test of the SM, but in case of a non-
vanishing NP contribution also allows to draw conclusions about the structure of NP contributions to
neutral kaon mixing [57]. The reason is quite simple to understand. If the effective flavour changing
s → d transition is, as in the SM, purely left-handed, then the same NP structure is responsible for
K0 − K¯0 mixing and for the K → piνν¯ decays. In particular, the same CP -violating phase θK enters,
only mutliplied by a factor of two for K0 − K¯0 mixing. The constraint on NP from ∆MK is much
weaker than the one from ε, so that any NP contribution toK0− K¯0 mixing must be predominantly real:
2θK ' 0, pi. The phase θK measured in the K → piνν¯ decays is then restricted to the values
θK ' 0, pi
2
, pi,
3pi
2
. (74)
In the plane showing the branching ratios B(K+ → pi+νν¯) and B(KL → pi0νν¯), these values for θK
correspond to two straight lines: a horizontal one, where B(KL → pi0νν¯) remains SM-like as the NP
contribution is CP -conserving, and a slanted one which is parallel to the model-independent Grossman-
Nir bound [58]. This pattern is depicted by the green lines in figure 5. If on the other hand, both left-
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Fig. 5: Model-distinguishing correlation between B(K+ → pi+νν¯) and B(KL → pi0νν¯) [57].
and right-handed FCNCs are induced by NP, then neutral kaon mixing will usually be dominated by the
so-called “left-right” effective operators containing both chiralities. In that case the correlation with the
K → piνν¯ decays is lost, and no correlation between B(K+ → pi+νν¯) and B(KL → pi0νν¯) arises. The
full range for the two branching ratios, shown in red in figure 5, is then possible.
The discussed correlation between B(K+ → pi+νν¯) and B(KL → pi0νν¯) has indeed been found
in a number of NP models with purely left-handed FCNC transitions [40, 59–62].
2.5 Quick Summary of Kaon Physics
Before moving on to B physics and in particular to a recent set of anomalies, let us recapitulate the
unique role of kaon physics. Kaon decays have played an important role in constructing the SM, and
they offfer unique opportunities to test its extensions.
The past. In order to account for the smallness of the KL → µ+µ− branching ratio, a fourth
quark, the charm quark, has been predicted prior to its direct discovery. Also CP violation has first been
observed in the kaon system, by measuring a non-zero KL → pipi decay width. The necessity for a third
quark generation had thus been established.
The present. Currently, the CP -violating parameter  places one of the most stringent constraints
on physics beyond the SM, in particular if a non-trivial flavour structure is involved. In addition, the re-
cent lattice calculations of the hadronic matrix elements entering ε′/ε seem to hint for a tension between
the SM prediction and the data.
The future. If future more precise predictions of ε′/ε confirm this tension, the road will be paved
towards spectacular NP discoveries in rare K decays. A special role is played by the K → piνν¯ decays,
as thanks to their theoretical cleanliness they offer an extremely sensitive probe of NP.
2.6 B Physics
Historically, kaon physics has been the main player in the field of flavour physics. More recently however,
B meson physics has gained significant importance. After the first observation of Bd − B¯d oscillations,
in the 1990s the two B-factories BaBar and Belle were build to precisely measure the properties of B
mesons and their decays. The B-factories delivered a large number of highly relevant results, including
the discovery and precise measurement of CP violation in Bd − B¯d oscillations, and measurements
of semileptonic B decays relevant for the extraction of the CKM elements |Vub| and |Vcb|. Further
significant improvements on the physics results of the B-factories, as well as measurements of a number
of so far undetected rareB meson decays, can be expected from the second generationB-factory Belle II.
First Belle II physics results should become available within a couple of years from now.
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A blind spot in the programme of the B-factories, however, is the physics of Bs mesons. Due
to their larger mass, they are not produced in the decay of the Υ(4S) resonance, which the B-factories
rely on. Consequently, hadron colliders like the Tevatron and the LHC have an advantage here. Indeed,
Bs − B¯s oscillations have first been observed by the CDF experiment at Fermilab in 2006 [63], and
later confirmed by LHCb [64]. The latter experiment also provides the most stringent constraint on CP
violation in Bs − B¯s mixing [65].
LHCb and, to some extend, also CMS and ATLAS have also yielded important data on a number
of rare B and Bs meson decays, like B → K(∗)µ+µ− and Bs → µ+µ−. For the latter, a combination
of LHCb and CMS data lead to its discovery, with a branching ratio measurement in decent agreement
with the SM prediction. The data on theB → K(∗)µ+µ− decays, on the other hand, leaves us with some
intriguing anomalies to be discussed in what follows.
2.7 Recent Anomalies in b→ s Transitions
The aforementioned decays B → Kµ+µ−, B → Kµ+µ−, and Bs → µ+µ− are all governed by the
quark level transition b¯ → s¯µ+µ−. In order to understand the physics behind the observed anomalies,
we start by writing down the relevant effective Hamiltonian [49]
Heff = −4GF√
2
VtbV
∗
ts
e2
16pi2
∑
i
(CiOi + C ′iO′i) + h.c. . (75)
In the SM, only the unprimed Wilson coefficients Ci, corresponding to left-handed FCNC transitions,
are relevant, due to the left-handedness of the flavour violating weak interactions. NP contributions, on
the other hand, can have either chirality. The operators most sensitive to NP are the dipole operators
O(′)7 =
mb
e
(s¯σµνPR(L)b)F
µν (76)
and the four fermion operators
O(′)9 = (s¯γµPL(R)b)(µ¯γµµ) , (77)
O(′)10 = (s¯γµPL(R)b)(µ¯γµγ5µ) , (78)
that are not affected by tree-level contributions in the SM.
The dipole operators O(′)7 are constrained by the well-measured B → Xsγ transition, whose
branching ratio is in good agreement with the SM prediction. The four-fermion operators O(′)10 mediate
the decay Bs → µ+µ−. While the data do not show a significant deviation from the SM prediction
in this case, the experimental uncertainties are still sizeable, allowing for a relevant NP contribution to
their Wilson coefficients C(′)10 . The scalar and pseudoscalar four-fermion operators, on the other hand,
are strongly constrained by the Bs → µ+µ− branching ratio measurement. We therefore neglect them
in this discussion.
The observation that different decays and observables are sensitive to different Wilson coefficients
in the effective Hamiltonian (75) is crucial for the theoretical interpretation of the data. Of particular
interest is the decay B → K∗µ+µ−, where K∗ further decays into a kaon and a pion. The four-body
final state can be described in terms of three angles and the invariant mass sqaure of the muon pair,
q2 = (pµ+ + pµ−)
2. The differential decay rates can then be decomposed into a sum of contributions
with specific angular dependence. We note that different parametrizations have been proposed in the
literature, with the goal to minimize the theoretical uncertainties in the observables in question [66–68].
In one parametrization, a set of ‘optimized’ observables has been derived with the goal to cancel
the B → K∗ form factor dependence at leading order [68]. One of these observables which has attracted
a lot of attention over the past few years is P ′5. A few years ago, the LHCb collaboration reported an
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anomaly in the low q2 region in this observable, which is by now established at the 3.4σ level [69]. Also
more recent data from ATLAS [70] and Belle [71] hint in the same direction, albeit with much smaller
significance. The recent measurement of P ′5 by CMS [72], on the other hand, is consistent with the SM.
While the physical meaning of P ′5 can be understood in terms of the transversity amplitudes de-
pending on the spin of the muon pair, its interpretation is not very intuitive and we do not go into the
details here. Further information can for example be found in [73]. In what follows we focus instead on
possible interpretations of the observed anomaly.
Global fits of the Wilson coefficients in the effective Hamiltonian (75) reveal that a sizeable non-
standard contribution to C9 is required to solve the P ′5 anomaly [74–76]. Interestingly, at the same time
also other, smaller tensions in the data are softened, such as the B+ → K+µ+µ− and Bs → φµ+µ−
branching ratios. Further, if the NP is aussmed to contribute only to the muon channel, i. e. to violate
lepton flavour universality, also the RK anomaly can be explained. Here, RK is defined as the ratio of
B+ → K+µ+µ− and B+ → K+e+e− branching ratios,
RK =
B(B+ → K+µ+µ−)
B(B+ → K+e+e−) . (79)
The LHCb measurement of RK [77] in the low q2 region is 2.6 standard deviations below the very
accurate SM prediction RK ' 1 [78]. Similar hints for a violation of lepton flavour universality have
recently also been found in the B → K∗`+`− (` = µ, e) decays [71, 79].
The question is now how to interpret this result theoretically. Given the loop suppression of FCNCs
in the SM, it is conceivable that the shift in C9 is induced by NP. Popular and well-motivated NP models,
such as supersymmetric theories or models with partial compositeness, can, however, not account for
this deviation [80]. It is however possible to induce a large contribution to C9 in phenomenologically
viable NP models: two known examples are models with a flavour violating Z ′ gauge boson [81–85],
and leptoquark scenarios [86–88]. Interestingly the latter can also adress the tension in B → D(∗)τν
data.
Before claiming the presence of NP in b→ sµ+µ− transitions, it is however necessary to investi-
gate the SM prediction for potentially underestimated theoretical uncertainties, see [76,89,90] for recent
discussions. The main theoretical uncertainties lie, on the one hand, in the B → K∗ form factors that
describe the hadronic physics of the B → K∗ transition in the factorization limit. On the other hand,
sizeable uncertainties stem from non-factorizable corrections that arise at O(ΛQCD/mb).
The hadronic form factors can be computed at large q2 by lattice QCD, and at low q2 by light-cone
sum rule techniques. Their extrapolation yields consistent results, so that the form factors are unlikely
the source of the observed anomaly. Systematic improvements of the form factor calculations can be
expected over the coming years, further reducing the associated uncertainties.
The non-factorizable corrections, however, are difficult to assess theoretically, and the associated
uncertainties can only be estimated. The dominant contributions arise from long-distance charm loops
coupling to photons and, in turn, the final state muon pair. In the effective Hamiltonian description of
(75), these contributions would mimic a NP contribution to the operator O9, due to the vector coupling
of the photon.
There are however two crucial differences that can distinguish non-factorizable corrections from
NP contributions to C9. First, as the photon couples universally to all lepton flavours, a lepton flavour
non-universal signal would be a clear sign of NP. If the violation of lepton flavour universality is con-
firmed by future data, and analogous ratios in other channels show the same pattern, then we would have
an unambiguous sign of NP in semileptonic b → s transitions. Second, NP contributions are in general
independent of the dimuon momentum q2, while non-factorizable charm loop contributions are expected
to be enhanced near the cc¯ threshold. While the current data are consistent with a q2-independent C9, fu-
ture more accurate measurements could reveal a q2-dependence of the required new contribution, hence
clearly disfavouring the NP interpretation.
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We have thus seen that even though the understanding of the observed P ′5 anomaly is currently
limitied by theoretical uncertainties, future more accurate experimental data will provide a significant
contribution to its resolution.
3 Flavour Physics beyond the Standard Model
3.1 The SM Flavour Problem
As we have seen in lecture 1, flavour violation in the SM is generated by the Yukawa couplings, gen-
erating the fermion masses and flavour mixings. Most of the free parameters of the SM are related to
the flavour sector, calling for a more fundamental theory that explains their origin. Moreover, the SM
flavour sector is found experimentally to obey a very hierarchical pattern, with quark masses spanning
five orders of magnitude, and a CKM mixing matrix close to the unit matrix. This structure seems to
suggest the presence of an approximate flavour symmetry in the fundamental theory of flavour.
Experimentally, the SM quark flavour sector has been well tested by precise measurements of a
large number of flavour violating K, B, and D meson decays. Despite a few anomalies, overall the SM
with its simple CKM picture of flavour violation has been extremely successful at describing the data.
Consequently, as we will see in section 3.2, strong constraints on the scale of NP with generic flavour
violating interactions can be derived. NP at the TeV scale must then have a very non-generic flavour
structure, with an efficient suppression of FCNC transitions. The most widely known and employed
example is the concept of Minimal Flavour Violation (MFV), which we discuss in section 3.3. However it
is also possible to avoid dangerously large FCNCs without imposing MFV. Different flavour symmetries
and symmetry breaking patterns can be employed. A complementary approach to flavour is provided by
models with partially composite fermions, where the observed flavour structure has a dynamical origin.
We will briefly review this idea in section 3.4.
3.2 Constraints on the Scale of New Physics
In the SM, FCNC processes receive various strong suppression factors that make them highly sensitive to
NP contributions. Firstly, as FCNC couplings are generated only at the loop level, they are suppressed by
a loop factor g2/(16pi)2, where g is the weak SU(2)L coupling constant. The GIM mechanism further
reduces the size of FCNC transitions, in particular in the kaon system. FCNC transitions in the K, Bd
and Bs systems, respectively, are then governed by the following CKM factors:
V ∗tsVtd︸ ︷︷ ︸
K system
∼ 5 · 10−4 , V ∗tbVtd︸ ︷︷ ︸
Bd system
∼ 10−2 , V ∗tbVts︸ ︷︷ ︸
Bs system
∼ 4 · 10−2 . (80)
We observe that the CKM hierarchy yields the strongest suppression in the kaon system, while b → d
and in particular b → s transitions are much less rare. Lastly, due to the left-handedness of weak
interactions, FCNC processes in the SM are purely left-handed. As we will see below, the purely left-
handed effective operators are much less affected by renormalization group effects than the left-right
ones that are generated in many NP models.
All of these suppression mechanisms can in principle be circumvented by NP, so that FCNC tran-
sitions provide an excellent sensitivity to NP even much beyond the TeV scale. To explore the NP reach
of flavour physics in a model-independent way, it is useful to study it in terms of the effective field
theory language. In this framework, the renormalizable SM Lagrangian is extended by including all
higher-dimensional effective operators that are consistent with the gauge symmetries of the SM:
LEFT = LSM +
∑
i
Ci
Λ
Odim 5i +
∑
i
Ci
Λ2
Odim 6i + · · · . (81)
The SM then constitutes the low energy limit valid at energy scales much below Λ, where the higher-
dimensional operator contributions are irrelevant. The scale Λ is the cut-off scale of the effective theory.
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It generally arises from integrating out new particles with masses M ∼ O(Λ). Hence, at energy scales
above Λ it has to be replaced by the full theory in which the new particles are physical degrees of freedom.
The only operator of dimension five in (81) is the Weinberg operator [91] that is relevant for the
generation of neutrino masses. For details, see the lectures of Gabriela Barenboim [6]. The leading
operators mediating FCNCs arise at dimension six and are therefore suppressed by two powers of the
inverse of the cut-off scale Λ.
In a general NP scenario, FCNC transitions are not related to the CKM matrix and the respective
CKM suppression factors in (80) are absent. We can instead parametrize the strength of flavour violating
transitions by a parameter δ that can in general depend on the meson system in question. Then the
operators contributing to neutral meson mixings (∆F = 2) are proportional to δ2, while the operators
contributing to rare decays like K → piνν¯ violate flavour only by one unit (∆F = 1) and are therefore
proportional to δ. Hence if flavour violation is suppressed in the NP sector, i. e. δ  1, then rare decays
are in general more sensitive to the contributions from NP than ∆F = 2 observables. If, on the other
hand, FCNC effects are suppressed by a large NP scale, Λ  MW and δ ∼ O(1), then ∆F = 2
observables are typically more sensitive to NP effects than ∆F = 1 ones. The sensitivity to large NP
scales increases with increasing flavour violation δ in the NP sector, and for sizeable values of δ extends
far beyond the reach of the LHC.
To investigate the NP reach of flavour physics, specifically of ∆F = 2 transitions, more explicitly,
let us consider the general dimension six effective Hamiltonian:
H∆F=2eff =
1
Λ2
[
5∑
i=1
CiOi +
3∑
i+1
C˜iO˜i
]
. (82)
Here, the four fermion operators mediating Bd,s − B¯d,s mixing are defined as (q = d, s)
O1 = (q¯αγµPLbα)(q¯βγµPLbβ) , (83)
O2 = (q¯αPLbα)(q¯βPLbβ) , O3 = (q¯αPLbβ)(q¯βPLbα) , (84)
O4 = (q¯αPLbα)(q¯βPRbβ) , O5 = (q¯αPLbβ)(q¯βPRbα) , (85)
O˜1 = (q¯αγµPRbα)(q¯βγµPRbβ) , (86)
O˜2 = (q¯αPRbα)(q¯βPRbβ) , O˜3 = (q¯αPRbβ)(q¯βPRbα) , (87)
where summation over the colour indices α, β is understood. Analogous expressions hold for the opera-
tors mediating K0 − K¯0 and D0 − D¯0 mixing. In the SM, ony the operator O1 is present.
Assuming a generic NP flavour structure, i. e.
|Ci| ∼ O(1) , argCi ∼ O(1) , (88)
it is possible to derive lower bounds on the NP scale by comparing the data on meson mixing observables
with their theory predictions [92]. The result of this exercise is shown in figure 6. The constraints from
different meson systems are shown in dfferent colours. We find that, as expected, the strongest constraints
arise from neutral kaon mixing, and in particular from the CP -violating parameter ε. Most constraining
are the operators O2 and O4, which constrain the scale of generic NP to be above 105 TeV. Stringent
bounds are also obtained from the non-observation of CP -violation in neutral D meson mixing. The Bd
and Bs systems, although less constraining, still push the NP scale above 100 TeV.
We conclude that NP at or near the TeV scale, required for a natural origin of EW symmetry
breaking, mut have a very non-trivial flavour structure. Clearly, flavour can not be a conserved quantum
number in the NP model, as the flavour symmetry is already broken in the SM. Yet it is possible to
achieve an approximate conservation of flavour, as we will see in what follows.
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Fig. 6: Model-independent constraints on the NP scale Λ, obtained from the various operators of the ∆F = 2
effective Hamiltonian. Figure taken from [92] with kind permission of the authors.
3.3 Minimal Flavour Violation
In lecture 1 we have seen that the SM quark sector possesses a global flavour symmetry
Gflavour = U(3)Q × U(3)U × U(3)D (89)
that is explicitly broken by the quark Yukawa couplings YU and YD. Due to the hierarchical structure
of the Yukawa matrices, FCNC processes in the SM are strongly suppressed. The idea is then to extend
this mechanism to the NP sector in order to suppress flavour violation also beyond the SM and reconcile
TeV scale NP with the stringent experimental flavour constraints.
This leads us to formulate to the Minimal Flavour Violation (MFV) hypothesis [93–95]: In MFV,
also in the NP sector the quark Yukawa couplings YU and YD consitute the only source of breaking of
the flavour symmetry Gflavour. For phenomenological reasons, it is usually also assumed that no new
CP -violating phases arise, so that the only source of CP violation remains the CKM phase. The MFV
hypothesis ensures that all flavour and CP -violating NP effects are suppressed by the same CKM factors
as the corresponding SM ones.
To impose the MFV hypothesis, it is useful to think of the Yukawa couplings as so-called spu-
rion fields. That means, we can formally restore the flavour symmetry Gflavour by treating the Yukawa
couplings YU , YD as dimensionless auxiliary (i. e. non-dynamical) fields. Assigning the Gflavour transfor-
mation properties
YU ∼ (3, 3¯, 1) , YD ∼ (3, 1, 3¯) (90)
restores the flavour symmetry of the SM Lagrangian. In particular, the Yukawa coupling Lagrangian (7)
becomes (formally) invariant under the flavour symmetry.
In order to extend this concept to the NP sector, we consider again the effective Lagrangian in
(81). The MFV ansatz requires us to render the higher-dimensional effective NP operators invariant, by
expanding the Wilson coefficients Ci in terms of appropriate combinations of YU , YD.
As we are mainly interested in FCNC processes in the down quark sector, it is convenient to work
in the down quark mass basis. In this basis, the Yukawa matrices simplify to
YD = diag (yd, ys, yb) , YU = Vˆ
†
CKM diag (yu, yc, yt) , (91)
where yi = mi/v.
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Let us now consider the operator O1 in the ∆F = 2 effective Hamiltonian (82):
Cij1
Λ2
(Q¯LiγµQLj)(Q¯Liγ
µQLj) , (92)
where i 6= j are flavour indices. Restoring the flavour symmetryGflavour, we find the following expression
for the Wilson coefficient Cij1 in terms of the Yukawa couplings YU , YD:
Cij1 = (a · 1 + b · YDY †D + c · YUY †U + · · · )2ij
= (c · Vˆ †CKM diag (y2u, y2c , y2t )VˆCKM)2ij
' c2 · y4t (V ∗tiVtj)2 . (93)
Here a, b, c are real expansion parameters that are assumed to be O(1). We confirm that the NP contri-
bution to C1 is suppressed by the same CKM factors (80) as the SM contribution.
Next, let us have a look at the operator O4,
Cij4
Λ2
(D¯RiQLj)(Q¯LiDRj) , (94)
which was found to generate the strongest constraints on the scale of generic NP contributions. Again
using the MFV hypothesis, we find
Cij4 =
[
Y †D(a · 1 + b · YDY †D + c · YUY †U + · · · )
]
ij
×
[
(d · 1 + e · YDY †D + f · YUY †U + · · · )YD
]
ij
= c · yiy2t (V ∗tiVtj)× f · yjy2t (V ∗tiVtj) . (95)
Again a, b, c, d, e, f are real and O(1) expansion parameters. We observe that in MFV the Wilson coef-
ficient C4 is strongly suppressed not only by CKM elements, but in addition also by the masses of the
external quarks i and j. The stringent constraints can therefore be evaded.
This observation is actually quite general. Whenever a right-handed down quark appears in a
higher-dimensional operator, in the MFV framework it must necessarily be accompanied by at least one
power of the Yukawa coupling YD. As the top mass is found to be much larger than the bottom mass,
in the SM as well as in many concrete NP models, the hierarchy yt  yb holds. In this case, operators
that involve additional YD factors become negligible. Therefore, only those operators are relevant for K
and B physics that involve flavour transitions of left-handed quark fields QL. These are the ones that
are already present in the SM effective Hamiltonian, due to the left-handedness of the weak interactions.
Note however that not in all NP models the relation yt  yb holds. It can be violated in models with
extended Higgs sectors, such as the MSSM at large tanβ.
These considerations lead us to the definition of a slightly more restrictive version of MFV, the
framework of Constrained Minimal Flavour Violation (CMFV) [93, 94, 96]. Again, in CMFV the global
quark flavour symmetry Gflavour is broken only by the SM Yukawa couplings YU and YD, and no new
CP -violating phases are present. In addition to these MFV assumptions, in CMFV only those effective
operators are relevant that are present already in the SM.
In the ∆F = 2 effective Hamiltonian then only the operator O1 remains. As shown in (93), in
MFV models it has the same CKM dependence (V ∗tiVtj)
2 as the SM contribution. Consequently, in the
CMFV scenario we can parametrise the NP contributions to meson mixing observables by a real and
flavour-universal shift in the loop function
S0(xt)→ S(p) , (96)
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where p collectively denotes the parameters of a given CMFV model. Hence in CMFV models the
∆F = 2 sector can be described by a single new parameter, and the NP contributions to neutral meson
mixings in the various meson systems are correlated.
We can make use of this feature to construct the unitarity triangle in figure 2 from ∆F = 2
observables in such a way that the result holds for all CMFV models, independent of the value of the
function S(p) [93]. As always, the value of |Vus| has to be determined from tree level decays, and is
precisely known. The angle β can be measured in the time-dependent CP asymmetry of the Bd →
J/ψKS that measures CP violation inBd− B¯d mixing. Finally, the length of the sideRt is proportional
to the square root of the ratio ∆Md/∆Ms, where the NP contribution cancels out in the ratio.
The thus determined universal unitarity triangle is currently much more precisely known [97]
than the one determined solely from tree level decays. While the two determinations currently show a
good agreement, a potential mismatch observed with future more precise tree level data, would be an
unambiguous sign of physics beyond the CMFV hypothesis.
We have thus seen that the MFV ansatz allows us to lower the scale of NP to the TeV range, without
inducing large NP contributions to FCNC observables. In particular the CMFV hypothesis provides a
very predictive framework, inducing many correlations between FCNC observables. A pedagogical
review can be found in [94]. However, in the next section we will see that MFV is not the only option to
reconcile TeV-scale NP with the flavour data.
3.4 Flavour Hierarchies from Partial Compositeness
It is also possible to suppress flavour violating processes without introducing flavour symmetries. Models
with partially composite fermions are a well-known example where flavour hierarchies have a dynam-
ical origin. In this section we only provide a brief and superficial overview on the flavour structure
of composite models. More detailed, excellent lectures on composite Higgs models and their dual 5D
description in the Randall-Sundrum framework can be found e. g. in [98–103].
The basic idea of composite Higgs models is the realization of the Higgs boson as a light com-
posite state of a strongly coupled sector in analogy to the pions of QCD. The naturalness problem of
fundamental scalars is thereby avoided. The EW symmetry is assumed to be broken by a condensate of
the composite sector. Further composite resonances are then expected at the TeV scale, similar to the
ρ, ω . . . mesons of QCD with masses an order of magnitude larger than the pion mass. In order to avoid
constraints from precision tests of the SM, the SM particles – except for the Higgs boson and the top
quark – have to be mostly elementary.
In traditional composite models, like Technicolour [104, 105], the generation of realistic fermion
masses turned out to be a major problem. As a solution, more recently the concept of partially composite
fermions has been put forward [106]. In this setup, the known SM fermions and gauge bosons form an
elementary sector. The composite sector, responsible for EW symmetry breaking, gives rise to operators
describing conposite resonances that have quantum numbers identical to the ones of the SM fields. The
elementary fermions Q,U,D of (1) are coupled to the composite sector by a linear mixing with the
composite operators OQ,OU ,OD:
Lmixing = QQ¯LOQ + U U¯ROU + DD¯ROD . (97)
The observed Yukawa couplings YU , YD are then a combination of the strong sector coupling responsible
for the interactions λU , λD among the composite resonances and the elementary-composite fermion
mixings Q, U , D,
YU,D = Q U,D λU,D . (98)
Figure 7 displays the generation of the effective Yukawa couplings diagrammatically. As the strong
sector couplings are in general expected to be structureless (“anarchic”),
|λijU,D| ∼ O(1) arg λijU,D ∼ O(1) , (99)
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Fig. 7: Effective Yukawa coupling in models with partially composite fermions.
the flavour hierarchies in the effective SM Yukawa couplings has to be induced by hierarchies in the
elementary-composite mixing.
The stringent experimental constraints on non-SM interactions of the first two quark generations
tell us that the latter must be mostly elementary, i. e. their mixing with the composite sector is small:
1,2Q , 
1,2
U , 
1,2
D  1 . (100)
The third generation is less constrained, and indeed the large top quark Yukawa coupling requires that
3Q ∼ 3U ∼ O(1) . (101)
Overall, the observed quark masses and the experimental precision constraints imply the pattern
1Q  2Q  3Q ∼ O(1) , 1U  2U  3U ∼ O(1) , 1D  2D  3D  1 . (102)
Inserting this pattern into (98) and assuming an anarchic composite sector, we find the following
hierarchical structure for the observed Yukawa couplings
YU ∼
1Q1U 1Q2U 1Q3U2Q1U 2Q2U 2Q3U
3Q
1
U 
3
Q
2
U 
3
Q
3
U
 , YD ∼
1Q1D 1Q2D 1Q3D2Q1D 2Q2D 2Q3D
3Q
1
D 
3
Q
2
D 
3
Q
3
D
 . (103)
Note that the hierarchical structure of the effective Yukawa couplings YU , YD is analogous to the one
obtained in models with a Froggatt-Nielsen [107] flavour symmetry [108–110].
Diagonalizing these matrices, we not only recover the observed quark mass hierarchy, but we also
find predictions for the off-diagonal elements of the CKM matrix [111, 112]:
|Vus| ∼
1Q
2Q
 1 , |Vcb| ∼
2Q
3Q
 1 , |Vub| ∼
1Q
3Q
 1 . (104)
The measurements of |Vus| and |Vcb| fix the hierarchies among the iQ parameters. We then obtain a
prediction for |Vub|:
|Vub| ∼ |Vus| · |Vcb| ∼ 0.2 · 4 · 10−2 = 8 · 10−2 . (105)
This number is larger than the measured value of |Vub| by a factor of two. Keeping in mind that in the
derivation of (105) we dropped O(1) factors, this result is quite remarkable.
In addition to providing a dynamical origin for the observed pattern of the SM quark masses and
CKM mixings, the hierarchies in the elementary-composite fermion mixing also efficiently suppress tree
level FCNC couplings [113] that are generated in the composite sector and mediated to the SM fermions
by the elementary-composite mixing. Assuming again that the composite sector couplings are anarchic,
the FCNC couplings of the SM quarks are suppressed by the same hierarchical pattern as the effective
Yukawa couplings YU , YD, as can be seen from comparing the FCNC coupling in figure 8 to the Yukawa
coupling in figure 7.
With the masses of the composite resonances at a few TeV, as required by EW precision data
and direct LHC searches, the suppression of FCNC couplings is sufficient to comply with most of the
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Fig. 8: Tree level flavour changing coupling of a composite Z ′ gauge boson in models with partially composite
fermions.
available flavour data. Some tension arises however with CP -violating observables in the kaon sector,
specifically ε [114] and ε′ [115]. The latter constraints require the masses of the strong sector resonances
to be above 10 TeV, unless some additional structure is imposed on the composite sector to evade the
constraints.
In models with partially composite fermions, the SM flavour hierarchies is thus traced back to the
exponentially small mixing of elementary fermions with the composite sector containing the Higgs. But
where does this exponential suppression come from?
The origin of the flavour hierarchies in partially composite models can be best understood by
considering the holographic dual of these theories. In classical optics, holograms are known as 2D
images containing the information of a 3D object. In that sense, the 3D object and its 2D holographic
image are dual to each other: they contain the same information. In a similar way, it has been proposed
that a 4D composite model is, under certain conditions, dual to a 5D weakly coupled model. By studying
the properties of the dual 5D model, we can then obtain a better understanding of the 4D composite
model.
The foundation for the construction of the 5D holographic dual is laid by the AdS/CFT-corres-
pondence [116]. It has been conjectured that a strongly coupled 4D conformal theory is dual to a weakly
coupled 5D theory in the Randall-Sundrum (RS) [117] background. Conformal symmetry is a partic-
ular internal symmetry of the strongly coupled sector – for our purposes it is sufficient to know that
conformality implies scale invariance. The same symmetry group, SO(4, 2) can also be implemented
as a space-time symmetry. In order to achieve this, our 4D space-time has to be extended by one extra
dimension. The symmetry of the 5D space-time is then described by the RS metric [117]
ds2 = e−2kyηµνdxµdxν − dy2 , (106)
displayed in figure 9. The extra dimensional coordinate y is confined to an interval 0 ≤ y ≤ L. In
the dual strongly coupled theory, the coordinate y corresponds to the energy scale Λ of the theory. The
endpoint y = 0, called UV brane, corresponds to the Planck scale where the conformal symmetry is
explicitly broken. The other endpoint y = L, the IR brane, corresponds to the TeV scale, where a strong
sector condensate spontaneously breaks conformality.
Fig. 9: RS space-time.
The change of energy scales along the fifth coordinate y can be understood by having another look
at the RS metric (106). The “warp factor” e−2ky induces a y dependence of the effective energy scale
Λ(y) = e−kyΛ0 (107)
24
in terms of the fundamental energy scale Λ0 of the theory. The large hierarchy between the Planck scale
and the scale of EW symmetry breaking can then be explained by localizing the Higgs boson on the IR
brane where the effective cut-off scale is warped down to the TeV scale.
Due to the confinement of the coordinate y to an interval, the fifth dimension is too small to be
directly observed at low energies, and our world effectively appears four-dimensional. However the extra
dimension leaves observable traces in terms of its 4D remnants, the Kaluza-Klein (KK) modes [118]. To
understand their origin, let us recall the description of a potential well in quantum mechanics. Due to
the wave function confinement to an interval, an infinite tower of discrete modes appears, with quantized
energy levels. The same concept applies when considering 5D fields, when the fifth dimension is confined
to an interval: Integrating out the dynamics of the extra dimension, an infinite tower of 4D fields arises,
with identical quantum numbers and increasing masses. The lowest-lying mode is massless and identified
with the corresponding SM field. The lowest excited modes have masses in the TeV range. They are the
dual states of the composite resonances in the strongly coupled 4D theory.
Of particular interest is the fermion sector of RS models. The localization of the fermionic zero
modes, corresponding to the SM fermions, is described by the wave function [118–120]
f (0)(y, c) ∝ e( 12−c)ky , (108)
where c is the bulk mass parameter of the respective fermion, a fundamental parameter of the 5D La-
grangian. As for all dimensionless parameters, naturally c ∼ O(1). The localization of a given fermion
zero mode and its overlap with the Higgs boson wave function localized on the IR brane hence exponen-
tially depends on its bulk mass parameter c, as shown in figure 10.
Fig. 10: Fermion zero mode localisation in the RS background.
The effective 4D Yukawa couplings then have the following structure:
(YU,D)ij ∼ fQi fU,Dj (λU,D)ij . (109)
Here, λU,D are the fundamental Yukawa couplings of the full 5D theory that are assumed to be anarchic,
and fQi , f
U,D
j are the relevant fermion zero mode wave functions evaluated on the IR brane.
Comparing (109) to the effective Yukawa couplings in partially composite fermion models, (98),
we can straightforwardly deduce the dual interpretation of the fermion zero mode localization. Fermion
zero modes with c < 1/2 are localized close to the IR brane and couple strongly to the Higgs boson.
These are the heavy fermions that in the 4D theory have a large elementary-composite mixing. The light,
mostly elementary fermions, on the other hand, have c > 1/2 and are therefore localized near the UV
brane. Consequently their coupling to the Higgs boson is exponentially suppressed. We conclude that
the localization of fields along the 5D bulk corresponds to their degree of compositeness in the 4D dual
theory.
Making use of the AdS/CFT correspondence, we have thus found a dynamical origin for the ex-
ponential suppression of the elementary-composite mixing of the light fermions in partially composite
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models. In the 5D dual of these theories, the exponential flavour hierarchies arise from different values
for their bulk mass parameters, all naturally ofO(1). These models therefore provide an appealing alter-
native to models with approximate flavour symmetries. The flavour phenomenology of RS models with
bulk fermions has been the subject of many detailed studies, see e. g. [109, 114, 121–124].
Summary and Outlook
This lecture series provided a basic introduction to flavour physics and CP violation, as well as an
overview over some current hot topics.
In lecture 1 we reviewed the basics of flavour physics in the SM. The flavour symmetry of the
SM is violated by the Yukawa couplings, which give rise to the quark masses and the CKM mixing
matrix. Their observed very hierarchical structure constitutes the SM flavour problem and calls for a
more fundamental theory of flavour. We also outlined the theoretical description of flavour violating
processes in the SM and beyond, using the effective Hamiltonian and the operator product expansion.
Lecture 2 was devoted to the discussion of some basic phenomenological concepts in K and B
meson physics. As flavour physics in the quark sector has a very rich phenomenology, we restricted our
attention to a few but very important representative examples here. We introduced the physics of neutral
kaon mixing and CP violation inK → pipi decays, described by the parameters ε and ε′. We then turned
our attention to the very rare decays K+ → pi+νν¯ and KL → pi0νν¯, which, due to their theoretical
cleanliness, offer an excellent probe of NP even at large energy scales. In the B system, we focused on
the semileptonic b→ sµ+µ− transitions, for which several anomalies have been found in recent data.
In lecture 3 we gave an introduction to flavour physics in theories beyond the SM. We started by
identifying the stringent constraints on the scale of generic NP contributions obtained from the neutral
meson mixing observables. We then introduced two concepts that suppress large non-standard contribu-
tions to FCNC observables and thereby reconcile TeV-scale NP with flavour data. In Minimal Flavour
Violation, the SM Yukawa couplings are assumed to be the only source of flavour and CP violation also
in the NP sector. Consequently, the new flavour violating effects are suppressed by the same hierarchical
structures as in the SM, and a predictive pattern of correlations arises. A dynamical origin of flavour
hierarchies, on the other hand, is provided by models with partially composite fermions, which are dual
to 5D theories in the Randall-Sundrum background.
Flavour physics has played an essential role in the construction of the SM. More recently, its im-
portance has shifted from measuring the parameters of the SM to hunting for possible NP contributions.
With the lack of direct discoveries of new particles at the LHC, indirect searches for NP are becoming
increasingly relevant. Indeed, some of the most convincing anomalies of today’s particle physics are
related to the flavour sector. In addition, over the coming years, a lot of experimental progress will be
made, with the potential for striking NP discoveries.
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